Abstract. Cloud height and cloud coverage detection are important for total ozone retrieval using ultraviolet and visible scattered light. Use of the 02 A and B bands, around 761 and 687 nm, by a satellite-borne instrument of moderately high spectral resolution viewing in the nadir makes it possible to detect cloud top height and related parameters, including fractional coverage. The measured values of a satellite-borne spectrometer are convolutions of the instrument slit function and the atmospheric transmittance between cloud top and satellite. Studies here determine the optical depth between a satellite orbit and the Earth or cloud top height to high accuracy using FASCODE 3. Cloud top height and a cloud coverage parameter are determined by least squares fitting to calculated radiance ratios in the oxygen bands. A grid search method is used to search the parameter space of cloud top height and the coverage parameter to minimize an appropriate sum of squares of deviations. For this search, nonlinearity of the atmospheric transmittance (i.e., leverage based on varying amounts of saturation in the absorption spectrum) is important for distinguishing between cloud top height and fractional coverage. Using the above-mentioned method, an operational cloud detection algorithm which uses minimal computation time can be implemented. [1991] measured the O2 A band with an airborne 0.6-nm spectral resolution spectrometer having high spatial resolution and detected cloud top height with 50-m accuracy. However, it is rare that an entire IFOV for a satellite-based spectrometer (typically 100 x 100 km) is covered evenly by a cloud layer. Therefore cloud coverage detection is also important. We show that using a moderately high (approximately 4.0-cm -• resolution) spectrometer and measuring in several absorption channels, both cloud top height and cloud coverage detection become possible.
Introduction
More than 50% of the Earth's surface is covered with clouds. Cloud height and cloud coverage detection are important for a number of atmospheric measurement purposes, including total ozone retrieval and distinction between the stratospheric and tropospheric 03 burdens using ultraviolet and visible scattered light. The Nimbus 7 total ozone mapping spectrometer and solar backscattered ultraviolet instruments use scattered solar ultraviolet light for ozone profile and total ozone retrieval [Fleig et al., 1990] . They estimate cloud coverage from measured reflectivity at 340 nm, assuming that the cloud top exists uniformly at a pressure of 0.4 atm. For improvement in environmental monitoring, more detailed cloud detection is required.
To collect enough photons for the required signal-to-noise ratios in measurements, a spaceborne spectrometer usually has a larger instantaneous field of view (IFOV) than radiometers like the thematic mapper (LandSat-D) and Systb•me Probatoire d'Observation de la Terre. The large IFOV of the spectrometer will often include both cloud-containing and cloud-free areas. High spatial resolution cloud distribution data are obtained by the spaceborne radiometers, but it is diflScult for them to detect cloud height. Figure 1 shows the calculated radiance in the O2 visible region for complete coverage in a few cloud type cases using the radiative transfer model MODTRAN [Berk et al., 1989] in the case of 0 = 60 ø and •0 = 0 ø, where 0 is the solar zenith angle and •0 is the nadir-viewing angle. The absolute level of the measured radiance depends on the cloud type. Also, it is difiScult to distinguish cloud from Earth albedo variation. Thus a method providing direct information on the atmoCopyright 1994 by the American Geophysical Union.
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0148-0227/94/94JD-01152505.00 spheric structure, such as the measurement of relative radiances using absorption lines, is necessary for improved cloud parameter detection. Use of the 02 A and B bands, around 761 and 687 nm, is such a method, one which we will demonstrate makes it possible to detect cloud height and coverage parameters simultaneously from a nadir-viewing instrument. Cloud altitude estimation using the 02 A band was suggested by Yamamoto and Wark [1961] , and a detailed study was done by Wark and Mercer [ 1965] . $aiedy et al. [1967] determined cloud top height on a Gemini mission using a spacecraft-borne spectrograph camera with 0.5-nm resolution. Fisher and Grassl [1991] and measured the O2 A band with an airborne 0.6-nm spectral resolution spectrometer having high spatial resolution and detected cloud top height with 50-m accuracy. However, it is rare that an entire IFOV for a satellite-based spectrometer (typically 100 x 100 km) is covered evenly by a cloud layer. Therefore cloud coverage detection is also important. We show that using a moderately high (approximately 4.0-cm -• resolution) spectrometer and measuring in several absorption channels, both cloud top height and cloud coverage detection become possible.
The study done here is a prototype for the Global Ozone Monitoring Experiment (GOME) and the scanning imaging absorption spectrometer for atmospheric chartography (SCIAMACHY), which are European satellite instruments designed primarily for atmospheric trace gas measurements. GOME and SCIAMACHY are both diode array-based spectrometers, which measure the atmospheric spectrum with continuous coverage from 240 to 790 nm at a resolution of about 0.1 nm in the ultraviolet and 0.2 nm in the visible.
Measurements in this region are expected to provide determinations of the atmospheric trace species 03, NO2, and BrO, and the more abundant species 02, (02)2, and H20, and have prospects for measuring H2CO, SO2, C10, and acla under special conditions. The wavelength coverage of both instruments includes the ultraviolet Hartley and Huggins bands and the visible Chappuis bands of 03. The continuous spectral coverage of SCIAMACHY continues into the infrared, to 1700 nm, with additional detector arrays at 2.0 and 2.3 /xm. GaME is a nadir-viewing instrument, while SCIAMACHY includes a nadir-viewing mode. Both have the capability to make measurements at the resolution and accuracy needed for application of the principles investigated in the present study. GaME is scheduled for launch on the European Space Agency's ERS 2 satellite in late 1994/early 1995, while SCIAMACHY will be a part of the Envisat 1 payload in the late 1990s. The simultaneous detection of cloud parameters will help considerably in trace gas retrievals for these instruments. For ozone in particular, the concentration peaks in the stratosphere (nominally at ---23 km), well above normal cloud altitudes. However, ozone in the troposphere makes a nonnegligible contribution to the total column density, one which may be growing as a result of anthropogenic activities. A major impetus for this study is the correction of ozone measurements in order to permit both better statistical evaluation of global ozone column measurements and determination of the climatology of tropospheric ozone. In the ultraviolet and visible regions, incident light at different wavelengths penetrates to almost the same distance inside of clouds; the effective cloud top height does not depend strongly on wavelength. Thus measurements of the 02 A and B bands are useful for 300-to 400-nm cloud top height detection, appropriate to measurements in Hartley and Huggins bands of 03, as well as in the visible Chappuis bands. Both GaME and SCIAMACHY will be capable of detecting both cloud top height and cloud coverage with moderate accuracy when combined with appropriate atmospheric modeling capability. The remainder of this paper will discuss the cloud detection capability specifically in terms of GOME, but the discussion is equally applicable to SCIA-MACHY nadir-viewing measurements.
In this study we calculate the dependence of the measured spectrum on the cloud top height and a cloud coverage parameter (specifically, the product of the fractional coverage times the cloud reflectivity, ar, divided by the sceneaveraged albedo, 3') for several cases of instrument resolution, wavelength coverage, and cloud conditions. A minimization technique is applied in order to determine the range of values which correspond most closely to the measurement. The scene-averaged albedo can be determined independently by measurements out of the 02 bands in order to determine ar. Complete determination of the fractional coverage currently depends on independent knowledge of either the cloud reflectivity or the ground albedo. In future work we hope to be able to demonstrate techniques for simultaneous retrieval of cloud reflectivity and ground albedo as well as cloud top height and cloud coverage with instruments of sufficient resolution and sensitivity. Such retrieval would remove the ambiguity in the coverage parameter and its dependence on climatological values of cloud top reflectivity and Earth albedo. For both cloud top height and cloud coverage detection, optical depth is an important concern. If the optical thickness is too large, it becomes impossible to detect low cloud accurately, because the Q values become too small. If the optical depth is too small, the transmittance is an almost linear function of otir i and optical depth, and it becomes impossible to distinguish cloud height from cloud coverage. If the difference of integrated optical depth between channels is too small, it is also impossible to distinguish cloud height from cloud coverage. Thus for cloud parameter detection, both the optical depth values and contrast between channels are important.
Radiative Transfer in the 02 Absorption Region
Figures 3a and 3b show calculated optical depths for a range of typical cloud top height scenarios using FASCODE 3: Figure 3a for the 02 A band and Figure 3b for the 02 B band. Around this spectral region the GOME resolution is about 4.0 cm -• . The optical depths change substantially in this region, so calculations must be done with high spectral resolution. When the spectral resolution is much wider than the oxygen spectral lines in the bands, the measured optical depth is a highly averaged or smeared-out quantity and its variation with detector channel is small. Therefore higher spectral resolution improves cloud detection. 
Accuracy Requirements and Error Estimation
The desired uniqueness of solution determines the accuracy requirement. As mentioned above, for lower-height cloud detection, high accuracy is required. This statement can be quantified in a typical example. This contour corresponds to +20% error in cloud coverage and +2 km in cloud top height. If the cloud coverage detection accuracy is required to be -+20%, the sum of measurement error and model calculation error must be less than 1%. The anticipated random errors in measurements are small enough to allow precise solution (the modeled signal-to-noise ratio for GOME is --•1000), but the forward model calculations in the present study have uncertainties which may cause substantial systematic error. It is possible to detect the area surrounded by the contour line in Figure 6 when the systematic errors are 1%. This area indicates the correlation between cloud top and cloud coverage and should be useful for removing cloud effects in total ozone determinations. To separate cloud top height and coverage accurately, higher spectral resolution is required. The significant systematic error sources are discussed below. These items are expected to be corrected by adequate calibration.
Measurement errors. Because R is a ratio, that of the Earth measurement to the solar measurement, the systematic radiance errors of the instrument response largely cancel. The capability for relative radiance measurements should be better than 1%.
Model calculation errors include the items listed below.

The first two items affect both T and Q value calculations. The third affects T, and the others affect the Q values.
Single and multiple scattering effects. As discussed below, scattering effects must be included for accurate cloud Slit function. The absolute value of spectral responsivity is not a concern in this method. The shape of the modeled instrument slit function is, however, extremely important. In general, reflectivity of cloud tops is high in the visible region. Therefore scattering effects are relatively small and radiance calculation errors are small. Out of the 02 absorption region the scattering affects 3,j estimation. The difference between the radiance not considering scattering, I0(j), and the radiance considering scattering, Is(j), is less than 1% when/3 = 0.3, because the back-scattering ratio to the zenith is almost equal to the Earth surface diffusive reflectivity (note that geometry must be carefully considered when evaluating the importance of Rayleigh scattering in nonGaME geometries, though). A 10% ambiguity of a priori/3 in the S (v, 0,/3(v)) calculation causes an error of a few percent in Is(j). Therefore the 3,j error caused by scattering is less than a few percent.
In the 02 absorption region, scattering affects Q value calculations. Because the optical path, including the 02 column density, is multiplied by scattering, the effective optical depth calculation depends on a and /3. For low /3, scattering effects on Q value estimation are relatively high. Therefore ambiguity in/3 might cause a serious error, and a priori data on /3 are important for estimation of scattering effects. The 02 B band widths are in somewhat better shape, as they were performed at a later time using more fully developed techniques, but there are still only widths (albeit good to 2-3%) for room temperature 02 broadening. Broadening values for this band also need to be expanded to include air broadening and low temperatures to be useful for realistic geophysical analysis.
Spectral Band
Q value calculations depend directly on line intensities; 2% error in the intensities corresponds to a few percent error in Q value calculation. Although GaME Detailed sensitivity analyses to assess the precise effect of line parameter uncertainties on the cloud parameter retrieval accuracy are planned for the next phase of this investigation. This will include more detailed dependence of Q values on line parameters and on the measurement channel placement with respect to the peaks of the 02 lines. Simple radiative transfer considerations imply that the determination of the scene average path length is a process that depends primarily on the optically thin components of the observations. We expect that at the first level of approximation, the knowledge of this quantity depends linearly upon the knowledge of the line intensities. We also expect that in order to be able to overcome potentially large systematic effects due to uncertainties in line parameters, an in-flight characterization and calibration scheme will need to be devised in order to effectively utilize any data other than optically thin absorption measurements.
Conclusions
GaME and SCIAMACHY have several channels of varying, but moderate, optical depth in the 02 A and B band regions. We have proposed an operational method for determination of cloud parameters that has the potential to produce accurate results with minimal computation time. This method has been primarily developed as a contribution to the development of the GOME and SCIAMACHY programs. It has the potential to be effective for other satellitebased measurement programs as well, including geostationary meteorological satellite observations that employ larger IFOVs and longer integration times compared with the Sun synchronous satellite observations of GOME and 
